Single-Molecule Insights on Human RNA Polymerase II Transcription Regulation: Assembly of the Pre-Initiation Complex and the Roles of Activators  by Zhang, Zhengjian et al.
Tuesday, February 5, 2013 365apost-translocated state under the energy bias, Tyr639 side chain is stabilized
IN the active site in order to screen incoming nucleotides for pre-insertion.
We further show kinetically that the screening at the early stage of nucleotide
selection is particularly important for achieving both low error rate and high
enough transcription speed. To test our hypotheses and examine the system
with substantial details, atomistic molecular dynamics simulations are conduct-
ed to evaluate free energy changes accompanying essential conformational
changes of the RNAP. We also study how exactly the nucleotide selection pro-
ceeds in T7 RNAP by examining binding affinities of different nucleotides to
the elongation complex at both the pre-insertion and insertion checkpoints.
Our studies intend to illustrate at multiple time and length scales the physical
mechanisms of how a simplest RNAP moves and transcribes with high enough
fidelity.
[1] A small post-translocation energy bias aids nucleotide selection in T7 RNA
polymerase transcription. Jin Yu, George Oster. Biophysical Journal, 102, 532-
541,2012
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Electron Microscopy-FRET Imaging Localizes the C-Terminus of the
Second TFIIF Subunit in RNA Polymerase II-TFIIF with Nanometer
Precision
Wei-hau Chang.
Institute of Chemistry, Academia Sinica, Taipei, Taiwan.
By tightly associating with RNA polymerase II (RNAPII), TFIIF a general tran-
scription factor consisting of Tfg1 and Tfg2 subunit, plays dual roles in both
initiation and elongation. Here, we employ a hybrid method of combining
nano-probe electron microscopy (EM) and Fo¨rster resonance energy transfer
(FRET) to investigate the probe-labeled C-terminus of Tfg2 in the RNAPII-
TFIIF complex. Single particle EM analysis of nano-gold labeled RNAPII-
TFIIF maps the C-terminus of Tfg2 inside the DNA binding cleft or close to
the Rpb1 clamp. The FRET distance constraints in-between the pair of Tfg2
and Rpb4, and that of Tfg2 and Rpb2, confines the C-terminus of Tfg2 to the
ridge of the Rpb1 clamp. Further FRET measurements followed by nano-
positioning analysis reveal that, in the RNAPII-TFIIF elongation complex,
the mean position of the C-terminus of Tfg2 shifts to the top of the Rpb1 clamp
while, reciprocally, the transcription start site alters its position in the presence
of TFIIF. Our results are consistent with the previous studies by crosslinking,
establishing that Tfg2 is a malleable protein, and suggesting a dynamical
role of Tfg2 in promoter clearance in transcription.
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Multiple RNA Polymerase Transactions on Single DNA Templates
Neil H. Thomson, Daniel J. Billingsley, Oliver Chammas, Neal Crampton,
Jennifer Kirkham, William A. Bonass.
University of Leeds, Leeds, United Kingdom.
We are studying the interactions of more than one RNA polymerase (RNAP)
operating on single linear double-stranded DNA templates using imaging by
atomic force microscopy (AFM) [1,2]. These templates include a short polynu-
cleotide sequence of A, C, G or T forming a single-stranded end loop to dis-
criminate polarity of the DNA molecules in the AFM [3]. Model templates
include convergently and tandemly-aligned promoters for bacterial E. Coli
RNAP.
Measurement of the positions of the RNAP on the DNA before and after firing
from the promoters allow us infer outcomes of ‘‘collision’’ events. The end-
labelling ssDNA loop not only acts as a fiducial marker but also captures
RNAPs that have fired from promoters directed towards and closest to the
loop. This enables us to quantify different outcomes of these events between
more than one RNAP operating in a convergent or tandem configuration.
Interestingly, RNAPs which approach each other often stall before close
contact is made, implying that transient DNA super-coiling between RNAP
mediates their interactions. Furthermore, the distribution of outcomes for
head-on (convergent transcription) and rear-end (tandem transcription) colli-
sion events are similar, suggesting that long range interactions mediated
through the local DNA conformation serve to regulate RNAP activity and
positioning on the templates. These experiments inform the regulation of
genetic expression at the molecular level, including acting as simple models
for nested genes.
[1] Billingsley D.J., Bonass W.A, Crampton N., Kirkham J. and Thomson N.H.
(2012) Physical Biology 9 021001.
[2] Crampton N., Bonass W.A., Kirkham J., Rivetti C. and Thomson N.H.
(2006) Nucleic Acids Research 34 (19) 5416-5425.
[3] Billingsley D.J., Crampton N., Kirkham J., Thomson N.H., Bonass W.A
(2012) Nucleic Acids Research 40 (13) e99.1870-Plat
An RNA Polymerase Finds its Promoter without Sliding along DNA
Larry J. Friedman, Jeffrey P. Mumm, Jeff Gelles.
Brandeis University, Waltham, MA, USA.
Sequence-specific DNA binding proteins must quickly bind to their target
sequence despite the enormously larger amount of non-target DNA present
in cells. RNA polymerases (or associated general transcription factors) are
hypothesized to reach promoter sequences by a facilitated diffusion (FD) mech-
anism. In FD, a protein first binds to non-target DNA and then reaches the target
by a one-dimensional sliding search. We tested whether Escherichia coli s54
RNA polymerase reaches a promoter by FD using a new variant of the CoSMoS
multi-wavelength single-molecule fluorescence colocalization microscopy
technique. The experiments directly compared the rates of initial polymerase
binding to and dissociation from promoter and/or non-promoter DNAs mea-
sured in the same sample under identical conditions. Binding to a non-
promoter DNA was much slower than to a promoter-containing DNA of the
same length, indicating that the observed sequence non-specific binding is
not on the pathway to promoter binding. Truncation of one of the DNA seg-
ments flanking the promoter to a length as short as 7 bp, or lengthening it
to > 3000 bp, did not significantly alter the rate of promoter-specific binding.
The rate of polymerase binding to a single promoter sequence is equivalent to
that observed for binding to >3000 bp of non-promoter DNA. These results
exclude FD over distances larger than ~7 bp from playing any significant
role in promoter search and also exclude other mechanisms (e.g., ‘‘hopping’’)
that are mediated by flanking DNA. Instead, the data support a direct binding
mechanism in which s54 RNA polymerase reaches the promoter by simple
three-dimensional diffusion through solution, and they suggest that binding is
accelerated by recognition of atypical structural or dynamic features of DNA
within the promoter sequence.
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The Mechanics of Initial Transcription: The RNA-DNA Hybrid Pushes on
the Protein, and the Protein Pushes Back!
Luis E. Ramirez-Tapia, Satamita Samanta, Ketan Mathavan,
Craig T. Martin.
University of Massachusetts, Amherst, MA, USA.
RNA polymerases must couple the energetics of nucleotide addition to drive
timed release of strong promoter contacts. RNA polymerases also undergo
substantial structural changes in transitioning from sequence-specific initial
transcription to stable elongation. Initially transcribing complexes are charac-
teristically unstable, yielding short abortive products, but polymerase
mutations have been isolated that dramatically reduce abortive instability.
Understanding these mutations is essential to understanding the energetics of
initial transcription and promoter clearance. using fluorescence probes of struc-
tural changes, we demonstrate that the low-abortive P266L mutant T7 RNA
polymerase also transitions to elongation at longer lengths of RNA. We pro-
pose that both properties derive from a weakening of the initial barrier to
hybrid-driven rotation of the promoter binding N-terminal platform, a motion
necessary to drive promoter release. While the hybrid pushes on this protein
element, the protein in turn pushes back on the hybrid, leading to the observed
instability during initial transcription. Parallel biochemical experiments on
bacterial RNA polymerase show that the sigma region 3.2 linker (analogous
to the eukaryotic RNA polymerase ‘‘B-finger’’) functions in a very similar
manner. Thus the mechanical ‘‘pushing’’ of the RNA-DNA hybrid against
the protein is met by a reciprocal, and destabilizing, pushing of the protein
against the hybrid.
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Single-Molecule Insights on Human RNA Polymerase II Transcription
Regulation: Assembly of the Pre-Initiation Complex and the Roles of
Activators
Zhengjian Zhang1, Andrey Revyakin1, Robert Coleman2, Steve Chu3,
Robert Tjian1.
1Howard Hughes Medical Institute, Ashburn, VA, USA, 2Albert Einstein
College of Medicine, Bronx, NY, USA, 3Department of Energy, Washington
D.C., DC, USA.
Transcription of all protein-coding genes in human cells begins with the assem-
bly of the RNA polymerase II (Pol II) pre-initiation complex (PIC) composed
of more than forty polypeptides (total size of ~ 3MDa). Due to the high com-
plexity and the dynamic nature of the PIC, the mechanism of its assembly and
regulation remains elusive after decades of conventional biochemical studies.
We have developed a surface-based, promoter-specific Pol II transcription sys-
tem suitable for single-molecule imaging (Genes and Development 2012,
366a Tuesday, February 5, 201326:1691). Counting of transcripts at each DNA template suggested a stochastic
initiation mechanism in the experimental system. We found a prototypical
activator (human Sp1) regulates transcription by enhancing PIC assembly
(presumably by recruiting TFIID). Real-time TFIID binding to DNA was mon-
itored and coupled to transcription detection at the same DNA template for the
first time. We also developed methods to detect the production of RNA tran-
scripts in real-time and couple that to the kinetic measurements of RNA poly-
merase binding at the single-molecule level. using multiple fluorescently
labeled General Transcription Factors (GTFs, namely TFIIB TFIID, TFIIE,
TFIIF and TFIIH) and Pol II, we are currently investigating the structure of
PIC, pathways of its assembly, and the mechanism of transcription modulation
by sequence-specific activators and the core promoter DNA elements.Symposium: Awards Symposium
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Cholesterol Nanodomains: their Effect on Monolayer Morphology and
Dynamics
Kyuhan Kim1, Todd M. Squires1, Siyoung Q. Choi2,
Joseph A. Zasadzinski2.
1University of California, Santa Barbara, CA, USA, 2University of
Minnesota, Minneapolis, MN, USA.
Small mole fractions of cholesterol segregate into 10 - 100 nm diameter nano-
domains in dipalmitoylphosphatidylcholine (DPPC) monolayers. The nanodo-
mains segregate to DPPC domain boundaries, reducing the line tension, D,
which alters domain shapes. The nanodomains consist of a 6:1 lipid: cholesterol
‘‘complex’’ and the surface viscosity, hs, decreases exponentially with the
area fraction of the complex at a given surface pressure. hs increases exponen-
tially with surface pressure, independent of cholesterol content, as predicted
by a free area model that relates hs to monolayer compressibility and
collapse pressure. G’, the elastic modulus, decreases with D at low cholesterol
fractions, in analogy to 3-D emulsions. Increasing cholesterol further causes a
sharp increase in G’, likely due to a transition from a tilted to untilted
molecular packing. Understanding the effects of small mole fractions of
cholesterol should resolve the role of cholesterol in human lung surfactants
and may give clues as to how cholesterol influences raft formation in cell
membranes.Platform: Ca-activated Channels
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Tmem16F forms a Ca2D-Activated Cation Channel Required for Lipid
Scrambling in Platelets during Blood Coagulation
Huanghe Yang1, Andrew Kim1, Tovo David2, Daniel Palmer2, Taihao Jin1,
Jason Tien1, Fen Huang1, Tong Cheng1, Shaun Coughlin2, Yuh Nung Jan1,
Lily Y. Jan1.
1UCSF/HHMI, San Francisco, CA, USA, 2UCSF, San Francisco, CA, USA.
Collapse of membrane lipid asymmetry is a hallmark of blood coagulation.
TMEM16F of the TMEM16 family that includes TMEM16A/B Ca2þ-activated
Cl- channels (CaCCs) is linked to Scott Syndrome with deficient Ca2þ-depen-
dent lipid scrambling. We generated TMEM16F-knockout mice that exhibit
bleeding defects and protection in an arterial thrombosis model associated
with platelet deficiency in Ca2þ-dependent phosphatidylserine exposure and
procoagulant activity, and lack a Ca2þ-activated cation current in the platelet
precursor megakaryocytes. Heterologous expression of TMEM16F generates
a novel Small-conductance Ca2þ-Activated Non-selective cation (SCAN)
current with sub-picosiemens single channel conductance rather than
a CaCC. TMEM16F-SCAN channels permeate both monovalent and divalent
cations including Ca2þ, and exhibit synergistic gating by Ca2þ and voltage.
We further pinpointed a residue in the putative pore region important for the
cation versus anion selectivity of TMEM16F-SCAN and TMEM16A-CaCC
channels. This study thus identifies a novel Ca2þ-activated channel permeable
to Ca2þ and critical for Ca2þ-dependent scramblase activity.
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Ca2D-Dependent Ion and Lipid Transport Mediated by a Fungal
TMEM16 Homologue
Mattia Malvezzi1, Madhavan Chalat1, Hiroyuki Terashima2,
Radmila Janjusevic1, Anant Menon1, Alessio Accardi1.
1Weill Cornell Medical College, New York, NY, USA, 2Osaka University,
Osaka, Japan.
Ca2þ-activated Cl- channels (CaCCs) play crucial roles in human physiology,
from epithelial secretion to nociception and sensory transduction. Recent workshowed that two members of the TMEM16 family, TMEM16A and B, encode
for CaCCs. The TMEM16 family is comprised of 10 human homologues whose
malfunction has been implicated in several human diseases. Despite their
physiological relevance the function of the other TMEM16s is unclear and
controversial. For example, TMEM16F has been reported to be a Ca2þ-depen-
dent cation channel, three different Cl- channels and to be involved in lipid
scrambling (lipid transport between membrane leaflets). These data raise the
possibility that not all TMEM16 proteins are CaCCs and that some might be
scramblases or regulators of scrambling activity.
To differentiate between these hypotheses we expressed, purified and reconsti-
tuted several TMEM16 family members and discovered that a fungal
homologue simultaneously mediates ion movement and lipid scrambling.
Reconstitution in planar lipid bilayers shows a non-selective ion channel of
high conductance, ~300 pS. Both transport functions are tightly regulated by
Ca2þ: in its absence ion channel activity is abolished and lipid scrambling is
severely diminished. The apparent Km of Ca2þ for transport is ~400 nM, a value
comparable to that of other TMEM16s. We mutated a highly conserved
di-acidic motif previously shown to be important for Ca2þ-regulation in
TMEM16A and F. Simultaneous charge-neutralization of these residues elim-
inates Ca2þ dependent activation of ion and lipid transport, suggesting that
a single Ca2þ site regulates both.
Our results demonstrate for the first time that a member of the TMEM16 family
is simultaneously a Ca2þ dependent ion channel and a Ca2þ dependent lipid
scramblase. This suggests that other family members, such as TMEM16F,
might also be dual function proteins thus resolving the confusion regarding
their function.
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Leukotriene B4 Activation of Arterial Smooth Muscle BK Channels
Anna Bukiya, Alex Dopico.
University of Tennessee HSC, Memphis, TN, USA.
Blood circulation depends on the myogenic tone of small arteries. Tone is in-
creased by a rise in overall cytosolic calcium [Ca2þ]i in the arterial smooth
muscle cell (SMC). This rise leads to activation of large-conductance, Ca2þ/
voltage-gated Kþ (BK) channels. This generates outward currents that hyper-
polarize the membrane and limit Ca2þ entry. Thus, BK channel activation
opposes SMC contraction.
Several negatively charged endogenous lipids, such as PIP2, fatty and bile acids
have been shown to directly activate SMC BK channels. The chemical structure
of leukotrienes (LTs) includes a long hydrophobic backbone and a carboxylic
end group, which is largely ionized at physiological pH=6.8-7.4. Thus, we
hypothesized that LTs were BK channel activators.
We tested LTA4, LTB4, LTC4, LTD4, and LTE4 on heterologously expressed
BK channels conformed by cbv1 (AY330293) and rb1 (FJ154955) subunits
cloned from rat cerebral artery SMC. LTs were applied at 1 nM to the cytosolic
side of inside-out (I/O) membrane patches from Xenopus oocytes; Vm=-80 to
20 mV, [Ca2þ]i=10 mM. LTB4 was the only LT that significantly increased
BK channel activity (130% from pre-LT values), with az330% increase in ac-
tivity in response to 2 mM LTB4. LTB4-induced BK channel activation was
also observed in I/O patches from freshly isolated cerebral artery SMCs. There-
fore, we identified LTB4 as a potent and effective SMC BK channel activator
that works independently of cell signaling. using pressurized, de-endothelized
cerebral arteries from rats, we blocked LTB4 production by 50 mM bestatin.
This treatment reduced artery diameter by z5%, which is expected to cause
up to 10-20% decrease in cerebral blood flow. This result suggests that
LTB4 production within arterial SMC exerts a tonic effect on arterial tone, fa-
voring SMC relaxation and opposing vasoconstriction.
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Maxik Interaction with Gaba Transporter 3 and Heat Shock Protein 60 in
the Mouse Brain
Harpreet Singh1, Lyra R.M. Hall1, Scarlett M. Chen1, Andrea L. Meredith2,
Enrico Stefani1, Ligia Toro1.
1UCLA, Los Angeles, CA, USA, 2University of Maryland, Baltimore,
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Large conductance voltage- and calcium-activated potassium (MaxiK) chan-
nels regulate Ca2þ signaling, transmitter release, and repolarization of the ac-
tion potential in neurons. Analysis of MaxiK interactome from the mouse
brain using liquid chromatography/mass spectrometry in tandem and knockout
animals, as negative controls, revealed that MaxiK interacts with a variety of
proteins localized to the mitochondria, plasma membrane, cytoplasm, Golgi
apparatus, endoplasmic reticulum and other intracellular organelles. We exam-
ined whether proteins identified by mass spectrometry colocalize with MaxiK
channel in cells. To this end, we have first chosen two proteins, namely gamma-
aminobutyric acid (GABA) transporter (GAT)-3, and a heat shock protein
